INTRODUCTION
The interactions between a pathogen and its mammalian host inevitably lead to changes in the environment for both organisms. The pathogen generally finds that the host provides an environment with a temperature and nutrients that differ from those to which it was exposed outside the mammal. The host must deal with the pathogen's use of nutrients and the production of potentially toxic substances. In the case of an intracellular pathogen, host cells have their inner environment altered both by the growth of the pathogen and by the cell's own efforts to counter the effects of infection. The changes in environment lead to changes in gene expression that can facilitate survival for the pathogen and for the host (or host cell). For example, many pathogens and their host cells undergo a stress response, which is characterized by alterations in stress protein gene expression. The mammalian immune system has developed the remarkable ability to recognize several of the highly conserved stress proteins generated during the stress response without causing autoimmune disease. We review here characteristics of the stress response experienced by pathogens and their host cells during infection. We describe how immunological recognition of stress proteins may contribute to the variety of mechanisms that help protect against infection. ENVIRONMENTAL CHANGE: THE PATHOGEN'S PERSPECTIVE Bacteria and parasites are exposed to substantial changes in their environment when they enter a mammalian host, and they have evolved a number of mechanisms to adapt to these changes (10, 19, 23) . For example, when bacteria or parasites enter a host from an insect vector or typical environmental source such as water, they usually experience a rapid change in temperature. The heat shock response, in which a sudden increase in temperature induces the increased synthesis of heat shock proteins (hsps), is the best studied of the stress responses (reviewed in references 18 and 23). This response is one example of the many ways that cells modify their pattern of gene expression to adapt to a changing environment.
hsp70 (DnaK in E. coli) and hsp60 (GroEL in E. coli) are among the major heat shock proteins and are highly conserved in prokaryotes and eukaryotes. Comparison of hsp7O or hsp60 proteins from almost any two organisms reveals * Corresponding author. approximately 50% amino acid sequence identity (13, 18, 41) . The major heat shock proteins can accumulate to very high levels in stressed bacterial cells. For example, hsp70 and hsp60 each normally account for about 1.5% of total Escherichia coli protein, but each can accumulate to about 15% of total protein after heat shock (23) . These heat shock proteins contribute to protein disaggregation, folding, and assembly (7) .
In some cases, heat shock can also lead to changes in gene expression that alter parasite development. The developmental response to heat shock is critically linked to the ability of some intracellular parasites to initiate and sustain an infection. In Leishmania spp., the temperature shift is associated with the ability of infective promastigotes to differentiate into the amastigote form. The amastigotes are competent to reside within the acidic phagolysosomal vacuole of the macrophage. This process can be mimicked, to the extent of morphological transformation, by exposing promastigotes to an increased temperature in vitro (35) . It is not yet clear whether the effect of heat shock on differentiation intimately involves the concomitant increase in stress proteins.
Invading pathogens encounter additional environmental stresses. Macrophages and other phagocytic cells detect and engulf many pathogens soon after infection, exposing them to an extremely hostile environment. The pathogen can be deprived of certain nutrients, exposed to oxygen radicals and changes in pH, and bathed in degradative enzymes. Pathogens can adapt to a degree to this hostile environment through changes in gene expression. For example, bacteria exposed to oxygen radicals respond by synthesizing new proteins (5) . After phagocytosis, Salmonella cells increase the synthesis of a set of proteins that includes hsp70 and hsp6O (4) . Although it is difficult to assess how important a role the heat shock proteins play in resistance to the hostile environment (because the hsp7O and hsp6O proteins are essential for cell viability even under normal conditions), some of the proteins induced after phagocytosis have been found to be important for sustained infection of the macrophage by salmonellae (4).
ENVIRONMENTAL CHANGE: THE HOST'S PERSPECTIVE
Mammalian cells are very sensitive to changes in their environment, and a variety of stimuli will induce stress responses. The mammalian heat shock response shares many features with the heat shock response seen in prokaryotes (37) . There are, however, a few notable differences.
Eukaryotic hsp70 and hsp60 proteins do not normally account for as large a fraction of total cellular protein as they do in bacteria, nor do they accumulate to the very high levels found in stressed bacterial cells. In addition, while the synthesis of some members of the hsp70 family is induced substantially under stress in eukaryotic cells, hsp6O synthesis increases only marginally. As with bacteria, stresses other than heat also induce increased synthesis of heat shock proteins. Among these stressful stimuli are viral infection (reviewed in references 21, 39, and 40), physical manipulation (such as centrifugation), nutrient deprivation, and phagocytosis of foreign bodies (26) . Thus, alterations of the intracellular and extracellular environments can cause stress responses in eukaryotic cells. It seems likely that free radical generation by phagocytic cells during infection by bacteria and parasites also stimulates a stress response (39, 40) .
STRESS PROTEIN FUNCTIONS
The best-studied stress proteins are hsp7O and hsp6O. These proteins assist other proteins in folding and assembly and in translocation across membranes (reviewed in references 2, 7, and 30). Although each protein is normally encoded by a single gene in prokaryotes (there are examples of prokaryotes with more than one hsp6O gene [8] ), eukaryotes have one hsp6O gene and multiple hsp70 genes. Eukaryotic hsp6O protein is found in the mitochondria, and hsp70 proteins can be found in a variety of intracellular compartments. Certain species of hsp70 appear to be restricted to certain compartments, such as the lumen of the endoplasmic reticulum, the mitochondria, and the cytoplasm.
The roles of hsp70 and hsp60 are essential for normal cell viability (24, 28, 29, 36 ; reviewed in reference 2). Bacteria and yeast cells cannot survive without the single-copy hsp6O gene. Deletion of the bacterial hsp70 gene leads to severe defects in cell growth. In yeast cells, deletion of the genes encoding the mitochondrial and endoplasmic reticulum hsp70 proteins is lethal, as is the deletion of specific subsets of the genes encoding the multiple cytoplasmic hsp70s.
IMMUNE RECOGNITION OF STRESS PROTEINS
Mammals mount a strong humoral and cellular immune response against hsp7O and hsp60 proteins during infection by a variety of pathogens (15, (38) (39) (40) . When mice were inoculated with a crude lysate of Mycobacterium tuberculosis and the murine T-cell response was quantitated by limiting dilution analysis, 20% of the CD4+ lymphocytes that were reactive to mycobacterial antigens recognized the hsp60 protein alone (6) . Although a rigorous quantitative analysis of the immune response to stress proteins has yet to be performed for other pathogens, a large body of data suggests that the major heat shock proteins are among the dominant antigens during infection. Of the two major heat shock proteins, hsp70 is most frequently the target of immune responses to parasite infection. In contrast, it appears that hsp6O is generally the dominant antigen in bacterial infections.
Why are stress proteins among the dominant targets of the immune response to infection? It seems likely that the high levels of stress proteins in stressed pathogens play an important role. The immune system does tend to target abundant components in a mixture of proteins. In addition, experiments with Mycobacterium bovis BCG recombinants show a correlation between the abundance of a foreign protein expressed in BCG and the strength of the murine immune response to that protein (1, la, 31) .
Mammals normally coexist with a flora of microorganisms that live on the skin and on mucosal surfaces throughout the body. It is possible, therefore, that the strength of the immune response to stress proteins reflects the fact that these proteins are both conserved and abundant components of all pathogenic and nonpathogenic organisms to which mammals are exposed. In this model, memory cells reactive to relatively conserved determinants of stress proteins develop early in life and are routinely stimulated by continuous exposure to microorganisms.
Does the capacity to recognize stress proteins play a role in protection against microorganisms? It seems reasonable to postulate that the immune response to stress proteins contributes to the large variety of mechanisms that mammals exploit to defend themselves against potential pathogens. An attractive feature of this model is that the immune system could mount a first line of defense against diverse pathogens prior to the development of immunity to novel antigens from those pathogens.
In view of our current concepts of immune tolerance, it is surprising that there is a strong cellular immune response to highly conserved stress proteins and even more surprising that some T lymphocytes seem to recognize bacterial and self stress protein determinants equally well in vitro (17, 22, 25) . It is possible that the relatively low abundance of mammalian stress proteins or their compartmentalization leads to infrequent presentation of self stress protein determinants in vivo.
We have argued that the abundance of certain stress proteins and their sequence conservation probably account for their immunogenicity, despite the potential difficulties for immune tolerance that are posed by recognition of highly conserved antigens. Indeed, continuous exposure to pathogens under stress and the advantages of a capacity to recognize stress protein antigens may have led the immune system to evolve subsets of lymphocytes devoted to the recognition of stress proteins. 'y T CELLS AND MICROBIAL IMMUNITY T cells bearing the -yi T-cell receptor appear to have special roles in antimicrobial immunity. There is a strong correlation between intracellular infection and the accumulation of certain -yb T cells at the sites of infection (such as the skin, reproductive tract, and lung epithelium). The relationship between such -yB T cells and invading microorganisms is central to an immune surveillance hypothesis (3, 12, 27, 40) which suggests that a primitive subset of cells provides initial defense by recognizing molecules produced during environmental change.
Janeway (11) has argued that some y8 T cells represent a link between innate immunity and the development of the complex adaptive immune system seen in mammals. Such cells would react to common microbial constituents, selfrenew at their postnatal residence, and have a highly restricted receptor repertoire. All aspects of this thesis are consistent with the role of a subset of y8 T cells that are located at sites prone to infection and recognize pathogen molecules required for the adjustment to a new environment. Stress proteins such as hsp6o and hsp70 have been considered as candidates for a subset of these antigens.
Considerable effort has recently been devoted to determining the origin, phenotype, and function of the yb T cells found throughout the body and to evaluating their antigenic J. BACTERIOL.
on October 24, 2019 by guest http://jb.asm.org/ Downloaded from specificity (3, 12, 25, 27) . -yb T cells have been found to expand during infection by Leishmania spp., Mycobacterium leprae, and M. tuberculosis (14, 20, 33, 34) . These -yb T cells responded to antigens in extracts from the relevant pathogens, but they did not respond to purified hsp60 proteins. This negative result may be due to the way in which the antigens were presented or to a very low frequency of cells specific for this antigen.
Positive results have come from an elegant series of experiments by Hiromatsu et al. (9) with Listeria monocytogenes. That study has shown that the yb T cells appearing after intraperitoneal infection with L. monocytogenes proliferated in the presence of hsp6O. The same cells were required for protection, since ablation with anti--yb antibodies allowed the bacterium to establish an infection. The results showed that the yb T cells were required for immune defense during the early phase of the infection, while ao3 T cells were necessary to clear an established infection. A more comprehensive understanding of the role of yb T cells in microbial immunity is likely to come from experimentation with animal models of pathogenesis, especially those that exploit transgenic animals with altered immune systems. Such an experiment has recently been performed with Trypanosoma cnrzi-infected mice which have had their class I restricted T cells deleted by a P2-microglobulin knockout (32) . SELF STRESS PROTEINS AND IMMUNE SURVEILLANCE We noted above that infection by a variety of pathogens can lead to stress responses in mammalian cells. Antibodies and T lymphocytes that recognize pathogen stress proteins frequently cross-react with highly conserved mammalian stress proteins (16, 17, 22, 25; reviewed in references 15, 39, and 40). These observations led to the hypothesis that cells stressed by infection may be subjected to immune surveillance by lymphocytes that recognize self stress proteins. In this model, self-reactive lymphocytes provide a first line of defense against infection by identifying and eliminating stressed autologous cells. The lymphocytes that recognize cross-reactive determinants on stress proteins might be stimulated during establishment of natural microbial flora and maintained by frequent exposure to microorganisms. This model provides a way in which the immune system could exploit the existence of conserved epitopes in stress proteins to respond immediately to antigenically diverse pathogens and cellular changes, producing an initial defense that need not await the development of immunity to novel antigens.
The lymphocytes which recognize conserved stress protein determinants must be capable of discriminating between normal and stressed cells. Since many stress proteins are constitutively expressed in normal cells, although at lower levels than in stressed cells, the potential for autoreactivity is ever present. The population of normal cells may generally avoid destruction if stress protein determinants are not presented at detectable levels on unstressed cells.
CONCLUSION
The production of stress proteins by both pathogen and host during an infection is likely to be a significant part of the molecular interplay between the two organisms. Stress proteins may help protect the invader from the changing and hostile environment of the host and, similarly, may help protect the host cell from changes brought on by infection. The ability of the immune system to recognize abundant pathogen stress proteins may well have evolved from this aspect of the host-parasite relationship. Indeed, stress proteins could be among the most ancient of antigens recognized by the nascent immune system, which may be represented today by some -yb T cells. This primitive set of T cells is believed to have evolved to recognize antigens expressed in quantity by pathogens undergoing a change in environment, and bacterial hsp6O is one of the antigens that is recognized by y& T cells. Immune responses to conserved stress protein determinants pose the threat of autoimmunity. Yet, it seems that if the recognition of stress proteins is confined to the early phase of infection, in a localized environment, the potential benefit to the host of an immune surveillance system that recognizes stress proteins is high, especially if the relevant cells from the immune system have broad reactivity to stress proteins from many diverse pathogens.
